Additional index words. Malus domestica, low oxygen injury, firmness retention, oxygen stress, physiological disorders, ultralow oxygen Abstract. Sequential decreases or increases in the levels of O 2 in controlled atmosphere (CA) were investigated as techniques to improve fruit quality of ÔMcIntoshÕ apples (Malus ·sylvestris [L.] Mill. var. domestica [Borkh.] Mansf.), a cultivar that tends to soften rapidly in storage. Precooled fruit that were harvested at optimum maturity for long-term storage were placed immediately in different programmed CA regimes. In the first year, CA programs consisted of 1) ÔstandardÕ CA (SCA; 2.5-3.0% O 2 + 2.5% CO 2 for the first 30 d, 4.5% CO 2 thereafter) at 3°C for 180 d; 2) low CO 2 SCA (2.5-3.0% O 2 + 2.5% CO 2 ) at 3°C for 60 d, transferred to low O 2 (LO; 1.5% O 2 + 1.5% CO 2 ) at 0 or 3°C for 60 d, and then to ultralow O 2 (ULO; 0.7% O 2 + 1.0% CO 2 ) at 0 or 3°C for 60 d; and 3) ULO at 3°C for 60 d, transferred to LO at 0 or 3°C for 60 d, and then to SCA or low CO 2 SCA at 0 or 3°C for 60 d. In the second year, the regimes sequentially decreasing in O 2 were compared with continuous ULO and SCA. After removal from storage, apples were held in ambient air at 20°C for a 1-week ripening period. Fruit firmness was evaluated after 1 and 7 d at 20°C, whereas the incidence of physiological disorders was assessed only after 7 d. Lowering the temperature while decreasing O 2 was the best CA program with significant increased firmness retention during storage and after the 1-week ripening period. Reduced incidence of low O 2 injury in decreasing O 2 programs and absence of core browning at the lower temperature were also observed.
In comparison with conventional cold storage, controlled atmosphere (CA) storage offers the advantage of preserving pome fruit quality for an extended period of time (Kader, 1992) . Apples kept in CA in which O 2 levels are below 2.5% are generally firmer (Blanpied et al., 1987; Lau, 1983 Lau, , 1985 Lau, , 1990 and have lower incidences of superficial scald and core flush (Blanpied et al., 1987; Chen et al., 1985; Truter and Combrink, 1994; Wang and Dilley, 1999) . The level of sensitivity to low O 2 atmospheres varies with apple cultivar. As a consequence of the accumulation of products of fermentation some low O 2 , sensitive fruit like ÔMcIntoshÕ (Autio et al., 1990; Lau et al., 1987) may develop low O 2 injury (Nichols and Patterson, 1987) . (Lidster and McRae 1985) and demonstrated that the use of sequential periods in 1% to 3% O 2 instead of continuous 3% O 2 resulted in higher firmness retention and reduced core browning in ÔMcIntoshÕ apples. Additionally, fruit stored in sequential regimens showed decreased incidence of flesh browning and low O 2 injury when compared with fruit stored in continuous low O 2 .
In addition to being sensitive to low O 2 , ÔMcIntoshÕ is also chilling-sensitive Marmo et al., 1985) and is normally stored in CA at 3°C to prevent the development of core browning and stem cavity browning (DeEll and Murr, 2003) . (Little and Peggie 1987) reported that acclimation to low temperature reduced the incidence of flesh browning and core browning in ÔJonathanÕ and ÔGranny SmithÕ apples. However, the reduction of disorders in conventional CA (2-5% O 2 + 2% to 5% CO 2 ) was accompanied by an increase in flesh softening and skin yellowing, which was not the case when fruit were stored constantly in low O 2 (1.5% O 2 + 1% CO 2 ).
For this study, it was hypothesized that acclimatization to low O 2 and low temperature could improve the long-term storage potential of ÔMcIntoshÕ apples compared with the CA regime currently used. Sequential reductions in O 2 with and without a temperature reduction from 3 to 0°C during the storage period were examined.
Material and Methods

Plant material
In year 1, ) from a commercial grower in St. Grégoire, Quebec. Immediately after harvest, fruit was transported to the Postharvest Laboratory at the University of Guelph in recyclable plastic boxes where they were precooled 12 h overnight at 0°C. Each CA regime had 3 replicates, with each replicate being one box of approximately 120 fruit each. CA chambers holding the boxes were located within large refrigerated rooms.
Controlled atmosphere treatments
In year 1, the CA programs ( Fig. 1 ) were separated into 3 main categories: control, stepwise decreased O 2 and CO 2 concentrations, and stepwise increased O 2 and CO 2 concentrations. A subroutine within the latter two categories in which temperature was increased or decreased after the first or second 60-d storage period was also incorporated. CA programs consisted of 1) ''standard'' CA (SCA; 2.5%-3.0% O 2 + 2.5% CO 2 for the first 30 d, 4.5% CO 2 thereafter) at 3°C for 180 d; 2) low CO 2 SCA (2.5-3.0% O 2 + 2.5% CO 2 ) at 3°C for 60 d, transferred to low O 2 (LO; 1.5% O 2 + 1.5% CO 2 ) at 0 or 3°C for 60 d, and then to ultralow O 2 (ULO; 0.7% O 2 + 1.0% CO 2 ) at 0 or 3°C for 60 d; and 3) ULO at 3°C for 60 d, transferred to LO at 0 or 3°C for 60 d, and then to SCA or low CO 2 SCA at 0 or 3°C for 60 d at either 2.5% or 4.5% CO 2 . The chambers were physically moved to a refrigerated room at 0°C when a reduction in temperature was required.
In year 2, only the stepwise decrease in O 2 and CO 2 concentrations described previously was repeated (Fig. 2) , because fruit quality after storage under the stepwise increase in O 2 and CO 2 concentrations atmosphere was poor in year 1. The interval time was 58 d and the total storage time was 174 d. These treatments were compared with fruit stored continuously in SCA and ULO.
Firmness assessment
After the indicated storage period, fruit was removed from storage and assessed for firmness on day 1 and day 7 during a ripening period of 1 week in air at 20°C. Firmness was measured on pared opposite sides of 10 fruit from each replicate using a handheld Effegi penetrometer (Alfosine, Italy) fitted with an 11-mm tip.
Physiological disorders assessment
The incidence of physiological disorders was assessed on day 7 of the 1-week ripening period in air at 20°C. Ten fruit from each of two replicates were used in year 1, and 25 fruit from each of three replicates were used in year 2. The incidence of disorders was recorded, including low O 2 injury, CO 2 injury, core browning, and superficial scald.
Statistical analyses
As a result of the complexity of the CA regimens, the experimental design was treated as a completely randomized design and each experimental CA was analyzed as a full treatment or program. Analysis of variance (ANOVA) was performed using the GLM procedure of SAS version 8.2 according to (Bowley 1999) . To make sure that the AN-OVA assumptions were met, an arsine, logarithmic, and square root transformation was performed on the disorder data to determine the best normality of residuals. The normality was checked using the univariate procedure of SAS.
Results and Discussion
Firmness retention
During the first year, apples that had been stored in atmospheres of sequential decreasing levels of O 2 and CO 2 were significantly firmer than fruit from any other treatment after 180 d of storage (Table 1) . However, this firmness difference was not maintained over the 1-week ripening period in fruit that was held at a constant temperature of 3°C. These results conflict with those of Lidster et al. (1987) , who found that fruit from CA programs with increasing O 2 and CO 2 concentrations had better firmness retention after storage than apples that had been held in CA programs decreasing in O 2 and CO 2 concentrations.
Lowering the temperature after 60 d during LO regimes increased firmness retention significantly during storage when compared with the fruit stored in SCA continuously. Lowering temperature also reduced softening when compared with the respective sequential treatment stored constantly at 3°C. No significant difference was observed when the temperature was lowered at 60 or 120 d during storage.
The pattern of results was similar in the second year of the study. Fruit subjected to a sequential decrease in O 2 and CO 2 levels were 14.7 to 19.6 N firmer 1 d after storage than fruit stored in SCA continuously (Table 2) . Decreasing temperature during the sequential decrease in O 2 and CO 2 also increased firmness retention during the 1-week ripening period compared with the equivalent treatment stored continuously at 3°C. This was expected, because storage of ÔMcIntoshÕ at 0°C has been shown to improve firmness retention when compared with storage at 3°C . No significant difference in firmness was observed between continuous ULO and the sequential treatment lowered to 0°C after two thirds of the total storage time.
Physiological disorders
Low O 2 injury, expressed almost exclusively as purpling of the skin, was observed in some low O 2 treatments in year 1. Fruit stored in sequential ULO, LO, and SCA appeared to develop more low O 2 injury than those in any other treatment (16% vs. 0-4%, respectively) and fruit exposed to a SCA regime with 4.5% CO 2 showed the greatest incidence. However, the CA program had no significant effect on the incidence of low O 2 injury. It is most likely that the exposure of nonacclimatized fruit to the rapidly established ULO atmospheres was responsible for the high incidence of low O 2 injury in fruit stored in atmospheres sequentially increasing in O 2 and CO 2 . Furthermore, fruit exposed to low O 2 concentrations is known to be more sensitive to elevated levels of CO 2 , which can increase the incidence of low O 2 injury (Lidster et al., 1990) by augmenting ethanol production (Kader, 1986) . During the second year of this study, only fruit stored in constant ULO exhibited skin purpling (25% incidence) and the CA program was significant at P # 0.0001. Fruit stored in sequential SCA, LO, and ULO did not develop low O 2 injury.
External CO 2 injury was observed in year 1 in programs that included a time period with 4.5% CO 2 . Fruit stored in continuous SCA and in programs sequentially increasing in O 2 and CO 2 developed 32% and 20% CO 2 injury, respectively. Core browning also developed in year 1 in apples from all CA programs (10-40% incidence), except those sequentially decreasing in O 2 and CO 2 (0% incidence). The CA program had no significant effect on the incidence of CO 2 injury or core browning, and neither disorder was observed in the second year of this study. Little superficial scald developed on ÔMc-IntoshÕ apples during the two storage seasons (average 2%). There was no statistical significant difference in scald incidence among the different CA programs (P # 0.72 and P # 0.08, for year 1 and year 2, respectively).
Conclusion
An atmosphere decreasing in O 2 from 2.5% to 3.0% to 0.7% and in CO 2 from 2.5% to 1.0% during long-term storage was effective in retaining firmness of ÔMcIntoshÕ apples. In addition, sequential SCA, LO, and ULO regimes were effective at reducing the incidence of low O 2 injury, which can develop in continuous ULO. A decline in temperature during the sequential atmosphere regimens provided further benefit by reducing fruit softening during the poststorage ripening period in ambient air compared with storage at a constant temperature. Sequential SCA, LO, and ULO storage, combined with a stepdown in temperature, was the best postharvest treatment in this study. Such storage techniques could be easily integrated within current CA facilities and practices to improve the quality of ÔMcIntoshÕ apples during long-term storage. 
